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Amacrine cell (AC)
Ganglion cell (GC)
Light
? 2.1: ?????????????????????????????????
?Photoreceptor???????Horizontal cell???????Bipolar cell?????
?????Amacrine cell????????Ganglion cell?????????????
??????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????On????????
??Off??????????????????????????????????
??????????????????????????????????????
????????????????On???????? [21, 22, 23]???????
??????????????????????????????????????
??????????????????????????????????????
??????????????On??????????????????????
??????????????????????????????????????
Off????????????????????????????????????
??????????????????????????????????????
??????Spatial Receptive field??????????????????????
6
??????????????????????????????????????
??????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????gap-junction??
??????????????????????????????????????
??????????????????????????????????????
????????????????????????????????? [24]???
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????? [25]??????????????????????????????
????????????????????????????????????
2.1.3 ???????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?Y???????????
2.2 ????????????
2.2.1 ????????
????????????????????????????????? 2.2??
?????????????????? [26, 27]?
????????????????Zm1(s)?????????s = j? (j =
p¡1
??????)???????????????? Ik(s)???????????? k
???????????????????????????? (??Rs1)?????
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?Rm2????????????????????????????????
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????????????????????
???????????=??????????¡???????????
?????????????????????????????????????
?Zm(s)??????????????????? (?????????)[33]?
?????????????????????????????????????
???????? [24, 34]??????????????????????????
???????????? 2.1???? 2.2???????????????????
??????????????????????????????????????
???????????Bessel??????????????
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????v(x)?v(r)????????????? x???????????? r??
??????????????? 2a??????????? a????¸?????
?????? (????Rm?????Rs)???????????? (¸2 = Rm=Rs)?
? 2.3???????????????????????????
? 2.3: ???????????????????????????? (x=¸ ???
r=¸)??????????????? ¸?????????????? 2.1???
? 2.2??????????????????????????? a = 0:1¸???
????????[34]???
?????????????????????????????????????
???????????????????????????????r2G?????
???????????? [27]?r2G?????????????????????
???????????????????????????????? [3]?
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Werblin?Dowling????????mudpuppy???????????????
??????????????????????????????????????
? [35]??????????????? 2.4??????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
? 2.4: Werblin? Dowling????????????????????????
?????????? (R)????? (H)????? (B)???????? (A)???
???????? (GS)??????????? (GT)?????????????
?????????????????????????????????[35]???
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2.3 ???????????
2.3.1 ??????
????????????????????????????????Kameda?
???????????????? [32, 10]???????????????????
??????? [36]?????????? (“ASPECTUS-U”)??????????
???????????????????????????????????
???????????????? 2.5(a)??????? (??????????
? PD)????????????????????????? 128? 128????
?????????????????????????????????????
(Kameda??????? 40? 46???????????????? [10])????
??????????????????????????????????????
???????????? (?? out)???????????????
?????????????????? 2.5(b)????????????????
??? (PD)????????????????????????????????
????????????????????? 2.6???????nMOSFET???
? (Sp)?ON??????PD????????????????????????
?????????????? (Reset)????????Sp?OFF??PD???
??????????????????????????????PD??????
???????????????????? (Photosensor output)????
??????????????????????????????????? (Ac-
cumulation time)??????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????? pMOSFET??????????????
?????????????????
????????? (Rs1)???? 6????????????????????
??????????????????? [37]????????????????
???????(Nbuf)[38]????????????? (Rs2)???????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????? 2?????????????
??????????????????????
?????????????????MOS?????????????????
??????????? (Vrs1?Vrs2)?????????????????????
????????????????????????? (?????? [10]??)?
????????????? 2.7(a)? SW1?SW2??? 2.7(b)?????????
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???????????? (tres)???????? (vin)?????????????
????? (tacq)??????????????????????????? vout??
??????????
vout(tacq) = ¡C1
C2
(vin(tacq)¡ vin(tres)) + Vref
??????????????????????????????????????
?????????????????????????????????? 5 mV?
???? [10]????????????????????????? [37]???? 5
mV????????????????? 100 mV???????????????
??????????????????????????
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Vref1
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Vab
Vref2
S3
S4
Vwb
Vout
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Photosensor
(a)
(b)
Nbuf
highlow
? 2.5: ??????????????????????(a)???????????
128? 128????????????? (PD)????? (Control Signals)????
????????????????????? (Horizontal/Vertical Shift Register)
??????????? (out)???????????????????????(b)
???????????????? (Photosensor)??????????????
?? (Resistive Network)??????????(Nbuf)????????????
???????
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Sp
Time
V
P
D
 (
t)
Accumulation time
Data acquisition
Photo sensor output 
Reset
? 2.6: ??????????????????????????????????
PD?????????????Sp? on???? (???Reset)?????PD?
?????????????????Reset??PD??????????????
??????????????? (Data acquisition)?????????????
????? (Photo sensor output)????Reset???????????????
?? (Accumulation time)????
(a)
S1 S2
Vref
vin
vout
S1
S2
t0 t1
(b)
C1
C2
Time
high
low
SW1
SW2
? 2.7: (a) ??????????????SW1?SW2? (b)??????????
??????????? (tres)???????? (vin)?????????????
????? (tacq)???????????????????????(??????
[10]??)?SW2???????? high? low???? S2? high?? low???
???????(b) ?????????????????????????
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2.3.2 Zaghloul?Boahen??????????????
Zaghloul?Boahen????????????????????????????
? [11, 12]?????????????????????????????? [26, 27,
39, 40]?Mead????????????????????? [6, 7]???????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????? (Address Event Representation, AER)[41, 42]??????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????
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(b)
(a)
? 2.8: Zaghloul?Boahen??????????????????????(a)?
?????(b)?????????????? [11, 12]????[11]???
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2.3.3 CNN-UM
Chua?????????????????????????????????
???????????????????????????Cellular Neural Network-
Universal Machine (CNN-UM)????? [43, 44]?CNN-UM??????????
?????????????????????????????????????
???????????????????Ba´lya????????????????
??CNN-UM?????????????? [15, 45]?????????????
???????? [46]????????????????????????????
CNN-UM?????????????????????????????????
????????????????????????????
? 2.9: CNN-UM?????????????????????????????
???????????????????????????? [43, 44, 47]????
[47]???
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?3? ????????????
3.1 ??
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????
3.2 ???????????
?????????????????????????????????????
??????????????????????????????????????
????????????????
3.2.1 ????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????r2G??????????????????????
??????????????????????????????????????
???????????????????
3.2.2 ???????????
?????????????????????????????????????
?????????????????????????????????????
? 3.1??????????????????????????????????
???? [48]????????????????????????????????
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??????????????Off??????????????????????
??????????????????????????????????????
??????????????????????????????????????
(??????????)?????????????????? 3.1???????
??????????????????????????On/Off????????
??????????????????????On-Off????????????
??????????????????????On??????????On??
???????Off??????????Off????????????
Spot
Annulus
on
off on
off
(a) Bipolar Cell (b) Amacrine Cell
? 3.1: ??????????????????????????????????
??????? (???Spot)???????? (???Annulus)???? (a)??
???(b)?????????????????????On?Off???????
??????????????????????? (?????)????[48]???
3.2.3 ???????????
? 3.1??????????????????????On/Off?????????
????????????????????????????????????? 3.2
??????????????????????????????????????
??????????????????????????????????????
????????????????????Enroth-Cugell????????????
??????X???????????????????? [49]?
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?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????? 17 ms?????????
[50]??????????????????????????? [51]???????
??????????????? 10 ms????????????????????
????????????????????????????? 10 ms??????
?????????????????????????
Delay
Surround
Center
Center signal
Surround signal
? 3.2: ??????????????????????? [49]?(?)?????
????? (??????????????)?(?)??????????????
?????????????????????
3.2.4 ????????????
? 3.1??????????????????????????????????
?????????????????????????Fukushima????????
??????????????????????????????????????
???????????????? [52, 53]??????????????????
???????On??????Off??????????????????????
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??????????????????????????????????????
???????????????????????????????????On-Off
???????????????????On?????????Off??????
????????????
3.2.5 ??????
?????????????????????????????????????
??????????????????????????????????????
????????? 100???????????????????????????
???????????????????????????????????????
(a) (b)
? 3.3: ??????????????????????????????On/Off
???????????????????????? (?)???????????
??? (?)??????????????Aoki?Yagi????????????
? 3.3??????????????????????????????????
??????????????????????????? (?)???? (?)??
??????????????????????????????????????
????????????????????????????????X?????
????????????????????Y?????????????
Hodgkin?Huxley????????????????????????????
???????????????????? [54]????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????? (????? [55])?????????????????
???????????????????????????????????1 ms
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??????????????????????????????????????
??????????????????????????????????????
??????????? 200?????????????????????????
????????????????????????????????200 frames/s
??????????????????????????
3.3 ???????????
?????????????????????????????????????
?????????????? 3.4??????????????????????
?On????Off????????????????????????????On
??Off??On-Off???????? ((c),(d),(e))???????????????
????????? (?????????)??????? (???????????
??)???????????? (C)????? (H)????? (B)????????
(A)?????? (G)????????????
3.3.1 ???
?????????????????????????????????????
??????????????????????????????????????
??????????????????????? (delay)????
3.3.2 ???
??????????????????????? ((a),(b))??????????
????????????????? ((c),(d),(e))???????????????
(?? d
dt
)????????? (?? rect)???????????????????
????????????????????????? (???)?????????
??????????????????????????????????????
??????????????
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CH
A
B
G t
C
H
C
H
B
C
H
C
H
B B
G t
AA
B B
Gs Gs G t
(a) Sustained
On-center
(b) Sustained
Off-center
(c) Transient
On
(d) Transient
Off
(e) Transient
On-Off
d
dt
d
dt
d
dt
d
dt
delay
delaydelaydelaydelay
rect rect rect rect
Integrate
& Fire
Integrate
& Fire
Integrate
& Fire
Integrate
& Fire
Integrate
& Fire
? 3.4: ?????????????????????C??????H??????
B+?B¡?????On????????Off???????????A+?A¡?A§
?????On??Off??On-Off????????????G+s ?G¡s ?G+t ?G¡t ?
G§t ?????On???????Off???????On?????Off?????
On-Off??????????????(a)On???????????(b)Off???
????????(c)On?????????(d)Off?????????(e)On-Off?
????????????????????
3.4 ??
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
???????????????????
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?4? ??????????????
??????????
4.1 ??
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????FPGA?field-programmable gate array??
?????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????
4.2 ???????
4.2.1 ????????
??????????????FPGA?Universal Serial Bus(USB)???????
??????????????????????? 4.1?????????????
????????????FPGA??????????????sensor control part?
?????????????????????????????????????
??????????FPGA????????????????data read part??
?????????????????????????????????????
USB???????????????????????????????????
? 128? 128?????? 60 frames/s???????????????FPGA??
?USB??????????????????????????????????
????? [36]? ASPECTUS-U??????FPGA? 40????????Xilinx?
Spaltan3, XC3S400-4C???????????????????????????
??????????????????????????????????????
????????, ????? (????? 1 GB?Intel???????CPU?CPU
??????? 2.13 GHz)??????
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Silicon retina
Control board
Digital computer
FPGA
USB
I/F
A/D
D/A
Data Read
Sensor Control
? 4.1: ??????????????????????????????????
??????? FPGA??????????????sensor control part????
?????????????????????????????????????
???????FPGA????????????????data read part????
???????????????????????????????????USB
?????????????????????????????
4.2.2 ????????????????????????????
????
?????????????????????????????????????
???????????????????????????????????????
aVLSI???????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????? [56]??????????????????????
?????????????????????????????? 4.2??????
??????????????????????????????????????
????????? 4.2???????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????USB??????????????????????????
??????????????????????????????????????
??????????
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Temporal Property
Spatial Property
Analog Processing
using Silicon Retina
Visual Input
Digital Processing
using Computer
Emulated 
Spatiotemporal
Response
time
position
? 4.2: ?????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????
4.2.3 ?????????????
?????????????????????????????????????
?????Baylor??????????????????????????????
??????????????????????????????????? [57]?
? 4.3???????????????????????????????????
??????????????????????????????????????
??????? (??)???????????????????? 200 ms????
????????????????????????
?????????????????????????????????????
??? (?? 4.1)?
vh(t) = Ae
¡®t(1¡ e¡®t)n¡1? (4.1)
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H
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p
e
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m
V
)
Time (ms)
? 4.3: ???????????????????????????????????
????? 11 ms?31??????????????????????? (§1 S.E.)
?????????????????????????????????????
?????????????? 4.1????????????????
????vh(t)??? t????????????®??????n???????A
?????????
? 4.3?????????? 4.1?????®=16.7(s¡1)?n=6?A=27.4(mV)??
??????????????????????????????????????
????????Baylor????? 4.1???????????? [51]?
????????????? 4.1???????????????????????
??????????????????????????
f(t) = Ce¡®t(1¡ e¡®t)n¡1? (4.2)
t??? (??? s)?®? n????n = 6?® = 16:7 s¡1)????C???????
???????????
C =
·Z 1
0
e¡®t(1¡ e¡®t)n¡1dt
¸¡1
:
?????????????????????????????????????
?????????????????????????
28
4.2.4 ??????????
?????????????????????????????????????
???? 4.4????????????????????????????????
?? (Photosensor)???????????????????????? (Resistive
network)??????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????? (Delay)?????????????????????????
?????????????????? (??????????)????????
?????????????????????? (Sustained channel)???????
?? (Transient channel)???????????????????????????
??????????? (Temporal filter)????????? (Bipolar cell)???
??????????????????????????????????????
????? (Rectification)???????? (Cable model)???????????
?????? (Amacrine cell)????????????????????????
????????????
4.2.5 ?????????
??????????????? FPGA???????????????????
?????? 4.5???????????????????????????????
??? (Frame Period)? 16.6 ms???????????? 60 frames/s????
????????????????????????????????????
??????????????????????????????????????
??????????????????????????
4.2.6 ??????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????? [58]????????????????????????
?? 4.6??????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????? (x; y)????? i????????????B(x; y; i)????????
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Photosensor
Resistive network
（1st Layer）
Resistive network
（2nd Layer）
Delay
Silicon retina
（Analog Processing）
Temporal filter
Bipolar cell
Amacrine cell
Rectification
（On/Off pathways）
Temporal filter
Transient
channel
Sustained
channel
Cable model
B
Digital computer
(Digital Processing）
A
-  +
D
? 4.4: ?????????????????????????????????
?????????????????????????????????????
???????????????????
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Sp
Sh1
S1
S2
Ss
Sh2
S3
S4
Read time
 (1st Layer)
Read time
 (2nd Layer)
Accumlation time
Frame period [i]
frame [i]
frame [i]
frame [i-1]
frame [i-1]
Accumlation time
Frame period [i+1]
v 1 ( t )
Time
Time
? 4.5: ?????????????????????????????????
?????????????????????????????????????
???
?????????
B(x; y; i) =
N¡1X
j=0
f(j)A(x; y; i¡ j):
????A(x; y; i)??????????N????????????????f(i)?
?? i?????????????????????? 60 Hz??????????
???????????????????????????????? cut-off??
???Hz?????????????????????????? 30 Hz????
??????
4.2.7 ?????????????
?????????????????????????????????????
???????? 4.6????????????????????????????
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-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
W
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v
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Time (ms)
 Bipolar
 Amacrine
? 4.6: ????????????????????????????????
??????????????????????????? 4.2?????????
??????????????????????????????????????
??????????????? [48]??????????? (alpha= 75.1 s¡1)??
????????????????????????????????? (???)?
On-Off?????????On?????????Off?????????????
?????????????????????????????????? [58]??
??????On-Off????????????????On??Off???????
????
?????????????????????????????????????
?????????????? 4.4??????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????Moore????????????????? (x; y)??? t???
?????????? va(x; y; t)????????????????
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Cm
@va(x; y; t)
@t
= I(x; y; t)¡ va(x; y; t)
Rm
+
1
Rs
Ã
@2
@x2
+
@2
@y2
!
va(x; y; t);
????Cm????????Rm????????, ??Rs??????????
??????????????????????????????????????
??????????????????????????? (p; q)????????
????? i?????????????? va[p; q; i]??????????????
?????
va[p; q; i+ 1]¡ va[p; q; i]
Cm∆t
= I[p; q; i]¡ va[p; q; i]
Rm
+
1
Rs
X
(p0;q0)2Np;q
(va[p
0; q0; i]¡ va[p; q; i]);
????∆t???????????Np;q??? (p; q)?????????????
???????∆t?????????????????????????????
??????????60 frames/s??????????????????∆t???
??????????? 1???????? 5?????????????????
?????????????????????????On-Off??????????
???? 100??????????????????? (????????∆t = 3:2,
Cm = 16, Rm = 10, Rs = 1:4)
4.3 ????
4.3.1 ?????????????
?????????????????????? 4.7?????????????
??? 40 cm??????? LCD??????????????????????
????????????????????????? 4.7A??C???????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???? 4.7D?? F????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????
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? 4.7: ????????????????????????? 40 cm?????
?? LCD????????????????????????????????
??????????????A??C???????????????????
???D?? F??????????????????????????????
???
4.3.2 Hermann??????????
Hermann?? [59]?????????????????????? 4.8?????
Hermann???? 4.8A???????????????????????????
??????????????????????????? LCD????????
? 4.8B??????????????????????????????????
????????????????? 4.8B??????????????????
????????? 4.8C??????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????? 4.8B???
???????
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A B
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40 48 56 64 72 80 88
64
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192
R
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Position (pixel)
? 4.8: Hermann?????????Hermann???A????????????
?????????????????????????????????????
??B??????????????????????????????????
????????????????B????????????????????
?????? C?????
4.3.3 ???????????????
???????????????????? 4.9???????????????
???? 2???? (33.3 ms???)?????????????????????
??????????????????????????????????????
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?????????????????????????????????????
???????????????????????? 22????????????
??????????????????????????????????????
?????????????????????????????????? (???)?
??????????????????????????????????????
??????????????????????????????????????
????? [48]??????????? (????? 3.1???)?
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? 4.9: ???????????????????????? 2????????
?????????????????????????????????????
?????????????????
4.3.4 ????????????????????
? 4.10??????????????????????????????????
?????????????????????????????????? (???
????????)?????????????????????????????
??????????????????????????????????????
? 16????????????????????????????? 160????
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??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????On????Off????????????????????
???????????????????????????? [60]????????
???????????Y??????????? Frequency Doubling?????
?? [61]??????
Amacrine cellsBipolar cellsInput image
? 4.10: ????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????
4.3.5 ?????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
? 4.11???? 4.12???????????????????????????
??????????????????????????????????????
????????????? (518 lx)?????????????????????
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?????????????????????????????????????
??????????????????????????????????????
???????????????
? 4.11??????????????????????????? 4.12?????
???????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????
Amacrine cellsBipolar cellsInput image
? 4.11: ?????????????????????????????????
???????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
????????????????????????????? (? 4.13)?????
???????????????????????????? 4.14???????
??????????????????????????????????????
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Amacrine cellsBipolar cellsInput image
? 4.12: ?????????????????????????????????
?????????????????????????????????
???????????????????????,??????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????? 4.11???????????
??????????????????????????????????????
??????????????????????????????????????
????????? 4.14???????????????????????????
??????????????????????????????????????
???????????????????????????????
? 4.13: ?????????????????????????????????
?????????????????????????????????????
????????????????
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Amacrine cellsBipolar cellsInput image
? 4.14: ?????????????????????????????????
?????????????????????????????
4.4 ??
?????????????????????????????????????
???????????????FPGA???????????????????
??????????????????????????????????????
FPGA???????????????????????????????????
??????????????????????????????????????
??????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????? 4.15???????????????????????
????????????? C??? F???????????????????
??????????????????????????????????????
?????
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? 4.15: ??????????????A??? B?????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????? C???????????A?
?? B??????????????????????????????????
???????????????????????????????????41.2
cm/????????????????????????D??? E??????
?????????????????????????????????????
??????????????? F?????????????????????
????????????????????????????????????
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4.5 ??
??????????????????????????????????????
??????????????????????????????????Hermann
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
??????????????????????????????????????
????
42
?5? ??????????????
?????????
5.1 ??
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????? [62]????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????? [63]??????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
???????????????????????????????
5.2 ?????????????
5.2.1 ???????
???????????????????????? (tremor)????? (drift)?
????????? (microsaccade)?????? [62]??????????????
??????????????????????????????????????
??????????????????????????????????????
????????? [64]???????????????????????????
??????????
43
5.2.2 ?????????????????????
? 5.1??????????????????????????????????
??????????????????????????????????????
? (x; y)??????????????? (p; q)????????????????
???????? (p; q)???????? (∆x;∆y)???? (x+∆x; y+∆y)???
??????????????????????????????????????
??????????????????
(p, q )
(x, y )
Frame Buffer in MemoryImaging Device
Random Translation Vector
? 5.1: ?????????????????????????????????
?????????????????????????????????????
???????????????????????????????????.
5.2.3 ??????????????
? 5.2??????????????????????????????????
???????PG????? 63??????????????? [65]?LFSRx and
LFSRy???????????????Σ????????????????????
?????? n???????n???????????????????????
????????????????n-?????????????????????
????????? 5.2???????????????????????????
LFSRx? LFSRy????????M????? 263 ¡ 1????????????
44
???????????????????????????????????? 0?
??????????????? 0???? ax??? ay(0 · ax; ay · 62)?????
??????????????????????????????????????
??????? 31.5?????? 5.5???????????∆x???∆y??ax
? ay?????????????????????????????∆x???∆y
? 0?? 31?????????????????? 16.5?????
PG
1 2 3 55 56 57 58 59 60 61 62 63
63LSFRx
1 2 3 55 56 57 58 59 60 61 62 63
63LSFRy
}n
? 5.2: ?????????????????????????????????
(PG)??????????n??????????? 63????????????
??LFSRx?LFSRy????????????????????? (
P
)?LFSRx?
LFSRy????? 0??????????????? (∆x,∆y)????
5.3 ????????????
? 5.3?? 5.5??????????????????????????????
???????????????????????????? 0.6 arcmin?????
?????????????? 13.3 ms????????????????????
??????????????? 5.3???n = 4???????????????
???????????????????? 20 arcmin?????????????
???????????????????? [62]?
? 5.4??????????????????????????????????
?????n = 1, 4, 8????????????????????????????
????????????????? n?????? 0.57, 1.08, 1.51???????
??????????????????????????????0.5?? 1.5??
??[66]??????????? 5.5??n = 4?????????????????
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V
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)
? 5.3: ?????????????????????????????????(a)
??????????????????????????(b)??????????
??????
??????????????????????????????????????
?????????????? [66]??????????????????????
??????????????????????????????????????
????
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00.2
0.4
0.6
0.8
-4.0 -2.0 0.0 2.0 4.0
Horizontal velocity (deg/s)
P
ro
b
a
b
ili
ty
n = 1
n = 4
n = 8
? 5.4: ?????????????????????????????????
?????????????? n = 1, 4, 8??????????????????
?????????????????????????????????????
????
1 10
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100
1000
A
m
p
lit
u
d
e
 (
a
rc
m
in
)
Frequency (cycles/s)
? 5.5: ?????????????????????????????????
????????????????????????????????
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5.4 ???????????????????
5.4.1 ?????????????????
?????????????????????????????????????
??????????????? 5.6?????????????????????
??????????????????????????????????????
?? FPGA???????????????? 75???????????????
??????????????????????????????????????
?????????? 96? 96????????
Silicon
Retina
Eye Movement
Circuits
Memory
Temporal Filter
（Transient）
Temporal Filter
（Sustained）
Amacrine Cell
Rectifier
（On-type）
Bipolar Cell
B A
A
A
A
A
A
A
A
A
? 5.6: ?????????????????????????????????
??????????????
5.4.2 ????????????
? 5.7??????????????????????????????????
??????????????????????????????????????
???????????????? n=4???????????????????
??????????????????????????????????????
???????????????????????????????????? 0?
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
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??????????????????????????????? [67]?????
?????????
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-1
.0
0
.0
-1
.0
0
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? 5.7: ???????????????????????????? n=4????
????????????????????????????????
5.4.3 ?????????????????
? 5.8??????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????
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Input image Amacrine cells image
(with eye movement)
Amacrine cells image
(without eye movement)
? 5.8: ?????????????????????????????????
??????????????????? (?????)?????????? (?
???)??????????
5.5 ??
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????
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?6? ??????????????
???????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
? 200???????????????????????????????????
?????
6.1 ??
?????????????????????????????????????
???????????????????????????????? (?????
?)????????????????????????????????????
???????
?????????????????????????????????????
?????????????????????? 1 ms?????????????
?????????????? 3?4 ms????????????????????
????????????? 5 ms??????????????????????
?????? 200 frames/s??????????????????????????
??????????????????????????????????????
?????????????????200 frames/s???????????
?????????????????????????????????????
???? FPGA??????????????????????????????
?????????????????????????
6.2 ????
? 6.1??????????????????????? 6.2?????????
??????FPGA???????USB???????????????????
6.2????????????????????????????????????
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???FPGA?????????? Spartan3(XC3S400)????????????
???????????????FPGA?????? 256Kbit????RAM???
???? 2Mbit??RAM??????????????????????????
???????
?????????????????????????????????????
? 128? 128????????????USB???????????USB????
??????????????????EZ-USB FX??????????????
????????
????? 200 frames/s??????????????????????????
???????????????????????????????A/D?????
??????????????????????????????????????
????????????????RAM?????RAM???????????
??????????????????????????????????????
??????????????????????????????????????
?????????USB??????????????????????????
??????????????????????????????????????
???????????????????
FPGA????????????????????????????????
FPGA
USB I/F
 
? 6.1: ?????????????????????????????????
?????????????????????????????????????
?????????????????? FPGA??????? USB??????
???????
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Silicon
Retina
FPGA
Cirsuits
USB
I/F to PC
Data
Control signal
Parameter settingMemory
? 6.2: ??????????????? (Silicon Retina)?FPGA?? (FPGA
Circuits)???? (Memory)?USB???????? (USB I/F)?????
6.2.1 ?????
????????????????????????????????????
????? 6.3??????????????????????????????
(Temporal Filter)??????????????????????????????
??????????????????????????????????????
?????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????TD???????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????????????????Rs?
??Rt?????????????????????????????On??Off?
????????????????????????????????????ST?
?????????????????????????????????? (???)
?????????????????????SG1???SG2??????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????
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TF
ST 1
R1
SG 1
ST 2
R2
SG 2
TD
Resistive Network
 (1st Layer)
Active Pixel Sensor
 (Photo-sensor)
Resistive Network
 (2nd Layer)
Temporal Delay
Differentiation
 (1st Layer-2nd Layer)
Temporal Filter
Rectifier
Spatiotemporal Filter
Spike Generator
(Integrate & Fire)
Data Transmission
to PC
S
il
ic
o
n
 R
e
ti
n
a
(A
n
a
lo
g
 P
ro
c
e
ss
in
g
)
F
P
G
A
(D
ig
it
a
l 
P
ro
c
e
ss
in
g
)
Sustained
Response
Out
Transient
Response
Out
? 6.3: ??????????????????????????????????
?????????????????????????????????????
????????????????????
6.2.2 ????????
? 6.4??????????????????????????????????
??????????????????????????????????????
????????????????????????? (Frame Period)? 5 ms??
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????????”Sh2”?”Read time (1st Layer)”?”Read time (2nd Layer)”???
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????
Sp
Sh1
S1
S2
Ss
Sh2
S3
S4
Read time
 (1st Layer)
Read time
 (2nd Layer)
Accumlation time
Frame period [i]
frame [i]
frame [i]
frame [i-1]
frame [i-1]
Accumlation time
Frame period [i+1]
v 1 ( t )
Time
Time
? 6.4: ???????????????????????????????????
?????????????????????????????????????
6.2.3 ??????????
?????????????????????????????????????
??????????????????????????????????????
??????????? ¾1?¾2?????????????? (0:0 · ¾ · 1:0)?
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6.2.4 ????????
?????????????????????????????????????
??????????IIR???????????????????Fig.6.5(a)????
???????????????????????????????????????
?????????????????????????????????????®?
1¡®????®???????????????????????0:0 · ® · 1:0???
????r2[x; y; i]??? (x; y)?????? i???????????????s[x; y; i]
??????????????????????????????????????
s[x; y; i] = ®s[x; y; i¡ 1] + (1¡ ®)r2[x; y; i];
?????????????????????????????????????
6.5(b)? ®=0.588???????????????
r2[x,y,i] s[x,y,i]1−
MUL
from
Silicon Retina
READOUT IMAGE
MUL
0
0.1
0.2
0.3
0.4
0.5
0 20 40 60 80
T ime (ms)
R
es
p
o
n
se
 (
a.
u
.)
(a) (b)
= 0.588
? 6.5: (a)????????????????????????????????
????????????????????????????(b)®=0.588????
?????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????
a[i] =
hh
r1[i]¡ s[i] + 0:5
ii1:0
0
;
56
????a[i]?????????????r1[i]????????????????
???? [[¢]]1:00 ??? [0; 1:0]?????????????????
6.2.5 ????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
f(t)?g(t)????????????
f(t) =
2
¿
e¡
t
¿
³
1¡ e¡ t¿
´ µZ 1
0
f(t) dt = 1
¶
;
g(t) =
2
¿
e¡
t
¿
³
2e¡
t
¿ ¡ 1
´ µZ 1
0
jg(t)j dt = 1
¶
;
????¿ ????????????????????????????????
????????????????????????????f(t)??Baylor???
????????????????????????? 4.2????? n = 2???
?????????g(t)????????????????f(t)??? g(t)?????
? 6.6(b)??????????????????????????????????
??????????????????????????????????????
???????? a[x; y; j]??????????????????????????
??? b1[x; y; i]??? b2[x; y; i]???????????
b1[x; y; i] =
iX
j=¡1
a[x; y; j]f (∆t(i¡ j)) ;
b2[x; y; i] =
iX
j=¡1
a[x; y; j]g (∆t(i¡ j)) ;
????∆t????????????????????????????????
?????????????????????????????????????
f(t)?g(t)???????????????? 2????????????????
?????????????????????????????6.2.4??????
????? IIR???????????????????????????????
???????????????????????
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h1[x; y; i] = Áh1[x; y; i¡ 1] + (1¡ Á)a[x; y; i];
h2[x; y; i] = Á
2h2[x; y; i¡ 1] + (1¡ Á2)a[x; y; i];
b1[x; y; i] =
hh
2h1[x; y; i]¡ h2[x; y; i]
ii1:0
0
;
b2[x; y; i] =
hh
2h2[x; y; i]¡ 2h1[x; y; i] + 0:5
ii1:0
0
;
(6.1)
????Á??????????? h1[x; y; i]??? h2[x; y; i]? IIR???????
????????b1[x; y; i],?????????b2[x; y; i]????????????.
? 6.6(a)?????????????????????????????????
?????? 6.6(b)???Á=0.898??????????????????????
????????????????????????????
? 6.6(a)?????????????????????????????????
?????????????????????????????????????
??? ±1; ±2??????????± = 1???????????? 1.0?????
??????????????± = 0?????????????????????
??????On??????Off???????????????????????
± = 0???On????± = 1???Off???????????????????
???????????On??????Off?????????????????
??????????
6.2.6 ????
?????????????????????????????????????
? 6.7?????????????????????????????? µ? °??
?????????????????????
uk[x; y; i] =
""
2°k
³
bk[x; y; i]¡ µk
´##1:0
0
;
????k???????? (k = 1; 2)?uk[x; y; i]????????????????
6.2.7 ????????????
?????????????????????????????????????
?????????????????? (FIR)????????? IIR??????
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a[x,y,i]
h1[x,y,i]
h2[x,y,i]
b1[x,y,i]
b2[x,y,i]
1−
  2
1−   
2
2
2
δ1
δ2
MUL
IMAGE
IMAGE
IMAGE
IMAGE
IMAGE
MUL
INV
SW
SW
INV
MULMUL
MUL
MUL
(a)
(b)
= 0.898
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f(t)
g(t)
Sustained
Transient
? 6.6: ??????????????????????????????(a)??
?????????????????????????????????????
?????????????????????????????????????
????????????(b)Á=0.898????????????????????
?????????
???????????????? 6.8????????????????????
???????????????????
vk[x; y; i] =
""
·ick uk[x; y; i] + ·
is
k
X
(p;q)2NM (x;y)
uk[p; q; i]
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0
0 1.0
1.0
k = 1, 2
k
k
k = 1
= 0
Input value
O
u
tp
u
t 
va
lu
e
? 6.7: ??????????????????????????? µ? ° ???
??????????????
+·ock vk[x; y; i¡ 1] + ·osk
X
(p;q)2NM (x;y)
vk[p; q; i¡ 1]
##1:0
0
;
????k???????? (k = 1; 2); ·ick ; ·isk ; ·ock ; ·osk ?????????????
??? (0:0 · · · 1:0); NM(x; y)??? (x; y)???? (?????)????
HR
Input Frame Buffer Output Frame Buffer
u k [ x,y,i ] v k [ x,y,i ]
Summation
Half-rectifier
ic
k
oc
k
is
k
os
k
? 6.8: ?????????????????????????????????
???????????? (FIR)????????? IIR???????????
??????????·ick ; ·isk ; ·ock ; ·osk ????????????????????
????? (0:0 · · · 1:0)?
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6.2.8 ????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????? 6.9(a)???????????????????????????
??????????? ¹k????????? µsgk ???????????????
? "????k???????? (k = 1; 2)??? 6.9(a)?????????????
??????????????????????????????????????
????????????????????????????mk[x; y; i]?????
¹k??????????????????? vk[x; y; i]?????????????
????????????????????????? IIR???????????
??????????????????????????????????????
????????????mk[x; y; i]????????? µsgk ??????????
??????????????????mk[x; y; i]??????????
??????N ?????????????????????????????
????????????????????? 32???????????????
(LFSR)??????????? LFSR?????M?????????????
??????????? 232 ¡ 1???????????????? 200?????
????????????M?????????? 655????????????
??????????????????????????????????????
???????????????? "?????????????????????
? 0:035£ 2"????
???????????
24 mk[x; y; i]
wk[x; y; i]
35 = Θµ¹kmk[x; y; i¡ 1] + vk[x; y; i] + 2"N¶;
Θ(p) =
8>>>>>>>>><>>>>>>>>>:
24 p
0
35 (p · µsgk )
24 p¡ µsgk
1
35 (p > µsgk );
?????????????????????????????????????
???????????????????????????????????? 200
???????????????????????? 200????????????
??????????????????????????????????????
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????????????????? 6.9(b)??????????????????
?? ¹??????????????????
Gaussian Noise
CMP
wk [ x, y, i ]vk [ x, y, i ]
k
k
k
mk [ x, y, i ]
0 or 10 to 1.0
sg
sg
k = 1, 2
2
N (0, 0.0352 )
0
50
100
150
200
0.0 0.5 1.0
Input
S
p
ik
in
g
 r
at
e 
(s
p
ik
e/
s)
(a)
(b)
= 0.605 
= 0.715 
= 0.781 
sg
= 0.996
= 2
? 6.9: ???????????????????????? ¹k????????
? µsgk ???????????????? "??????????????????
?mk[x; y; i]????? ¹k ??????????????????? vk[x; y; i]?
?????????????????????????????????????
IIR????????????????????????????????????
?????????????????????????mk[x; y; i]???????
?? µsgk ????????????????????????????mk[x; y; i]?
0????????
62
6.2.9 ??????????????
?????????????????????????????????????
????????Parameter?????????Range?????????????
??????????????Set value??
? 1. ????????????
Parameter Range Set value
¾1 0.0 to 1.0 0.0
¾2 0.0 to 1.0 0.392
® 0.0 to 1.0 0.588
Á 0.0 to 1.0 0.898
±1 0 or 1 0
±2 0 or 1 0
µ1 0.0 to 1.0 0.490
µ2 0.0 to 1.0 0.498
°1 0 to 15 3
°2 0 to 15 5
·ic1 -1.0 to 1.0 1.0
·is1 -1.0 to 1.0 0.0
·oc1 -1.0 to 1.0 0.0
·os1 -1.0 to 1.0 0.0
·ic2 -1.0 to 1.0 0.109
·is2 -1.0 to 1.0 0.109
·oc2 -1.0 to 1.0 0.0
·os2 -1.0 to 1.0 0.0
¹1 0.0 to 1.0 0.715
¹2 0.0 to 1.0 0.715
µsg1 0.0 to 1.0 0.996
µsg2 0.0 to 1.0 0.996
" -4 to 4 2
6.3 ????
???????? 200???????????????????????????
2.7 W???????????????????????????????????
??????????????????????????????????????
?????
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6.3.1 ???????????
?????????????????????????????????????
? 50 cm????????????????LCD????????????????
???????????????? 40 mm?????????? 27????????
??????????? 500 ms????????????? 179 cd/m2?????
????? 1.5 cd/m2?????? 6.10???????????????????
????????????? 6.10???????????(a)??????????
?????(b)????????????????????(c)??????????
????100????????????????????????????????
(d)????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????? (???)?????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????
6.3.2 ??????????
?????????????????????????????????????
??????? 507 lx??? 6.11??????????????????????(a)
??????(b)????? (c)?????????(d)?????????????
???????????????????(e)?????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????
? 6.12?????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????
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0
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0.0
1.0
0.5
-500 -250 0 250 500 750 1000
Sustained
Transient
Sustained
Transient
? 6.10: ???????????????????????(a) ????????
???????(b)???????????????????(c)????????
????100??????????????????????(d)????????
???? 100??????????????????
6.4 ??
?????????????????????????????????????
??????????????????????????????????????
???????????????????????????????? 200????
??????????????????????????????????????
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(a) (b) (c)
(d) (e)
? 6.11: ?????????????????????????????????
?????(a)??????(b)????? (c)?????????(d)??????
??????????????????????????(e)??????????
?????????????????????????
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(a) (b) (c)
(d) (e)
? 6.12: ?????????????????????????????????
??????????????????????(a)??????(b)????? (c)
?????????(d)???????????????????????????
?????(e)???????????????????????????????
????
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?????????
?????????????????????????
6.4.1 ??????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
????????Address Event Representation, AER?[41, 42]?????????
?????????????????????????????????????
??????????????????????????????????????
Boahen??????????????????????????????? [11, 12]?
??????????????????????????????????????
??????????????????????????????????????
????????????? 200 frames/s??????????????????
??????????????????????????????????????
?????????????? 60 frames/s??????????????????
??????AER?????????????????????????????
???????????????????????????????????AER?
??????????????????????????????????????
??????????????????????????????????????
??????
6.4.2 ???????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????
6.4.3 ????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
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??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????
6.5 ??
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????
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?70
?7? ?????V????????
?????????
7.1 ??
????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????? (V1)??????????
??????????????
Shimonomura??????????????????????????????
???????????? [18]???????????????????????
?????????????? [17]??????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???
7.2 ?????????????
?????????????????????????????????????
????????????? (1)???????????????(2)??????
???????????? 2??????????????? [68, 2]???????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????
? 7.1??????????????????????????????????
?????????????????? (Retina)????????????????
??????????????????????????????????????
????????????????????? (Optic nerve)??????????
? (Lateral geniculate nucleus)????????????????????????
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Retina
Optic nerve
Lateral
geniculate
nucleus
(LGN)
Primary 
visual cortex
(V1)
 
? 7.1: ??????????????????????????? (Optic nerve)
????????? (Lateral geniculate nucleus)???????????????
(Primary visual cortex?V1)??????
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???????????????????????????????? [69]????
??????????????????????????????????????
??????? (Primary visual cortex?V1)??????
?????????????????????????????????????
???????????? (? 7.2)??????????????????????
?? IV?????IV??????? II? III?????????????????
??????????????????????????????????????
???????
?????????????????????????????????????
???? [70]????????????????????????????????
??????????????????????????????????????
?????? II? III???V??VI?????????
? 7.2: ?????????????????(?)??????????????
???(?)???????????????????????[71]???
7.3 ?????
7.3.1 ??????????????
?????????????????????????????????????
? 7.3???????????????????????????????????
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??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????
 
? 7.3: ?????????????????????????????????
?????????????????????????????????????
???
7.3.2 ?????
????????????????????????????????????
????????????Hubel?Wiesel???????? [70]????????
7.3(b)????????????????Gabor????????????????
??? [72, 73]?Gabor?????????Gauss????????????????
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g(x) = exp(¡ x
2
2¾2
)cos(2¼fx¡ Á) (7.1)
f , Á????????????????????????? Á = ¼=2???? sin
?????????? odd??????? Á = 0???? cos???????even?
????Gabor?????????????
g(x; y) = exp(¡x
2 + y2
2¾2
)cos(2¼f(xcosµ + ysinµ)¡ Á) (7.2)
????µ???????? 7.4(a),(b)?????? even??odd?????Gabor
????????????????????? even??odd??????????
???????????
(a)                                                                  (b)
? 7.4: ???Gabor???(a)even??(b)odd??Gabor????Gauss???
?????????????
??Gabor?????????????????????????????????
????????????Gabor??????????????, ????????
????Gabor???????????????????????????????
????? [74]???????????????????????????????
??????????????????????????????????????
?????????????????? [75]??????????????????
??????????????????????????Gabor?????????
??????????????????????????????????????
??????????????????????????????????????
????
??????????????????Hubel?Wiesel???????????
???????????????????????????? 7.5????????
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??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????
lateral geniculate cells
simple cell
? 7.5: ?????????????????????? [70]??????????
?????????????????????????????????????
?????????????????????????????????????
??????
?????????????????????????????????????
?????????????????????????????????? [68]???
??????????????????????????????????????
? (???????????????)?????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
?????????????????????????????? cross-orientation
inhibition?????????????????????????????????
??????????????????????????????????????
??????Gabor????????????????????????????
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?????
7.3.3 ?????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
? [70]?Ohzawa??????????????????????????????
??????????????????????????????????????
??????? (disparity energy model)[76]??????? 7.6?????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????
?????????????????????????????????????
???????????
Reven(x; y) =
Z Z
geven(u¡ x; v ¡ y)I(u; v)dudv
Rodd(x; y) =
Z Z
godd(u¡ x; v ¡ y)I(u; v)dudv
geven(u; v) = e
¡k1(u2+v2) cos (k2u)
godd(u; v) = e
¡k1(u2+v2) sin (k2u)
????I?????????(x; y)?(u; v)?????????????????
???????????????????????????????????????
even???? odd?????????Gabor????????? geven?godd???
???? [73]?
????? C?????even???? odd??????? S?????????
????????????? d???????????????????????
Rdcx(xL; xR) = fRLeven(xL +
d
2
) +RReven(xR ¡
d
2
)g2
+ fRLodd(xL +
d
2
) +RRodd(xR ¡
d
2
)g2
xL and xR?????????????????????d??????????
??????????????????????????????????????
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??????????????????????????? d??????????
????????????? d????????????????????????
??????????????
? 7.6: ?????????????????????????????????
???????????????????????????????????
7.3.4 ????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????? 7.7?????A ?????????????????????
?????? (Fl,Fr) ?????????????????? Á?????B???
?????????????????????????????????? Á0??
??????????????????? Á0¡Á????????????????
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????????L?L0 ???????????D??????????????
?????
Á0 ¡ Á ' ¡D
L2
(L0 ¡ L)
????????????????????D? L?????????????
???????????????????????????????
A
xL
xR
B
xL - xR > 0
xL - xR = 0
xL - xR < 0
Near
Fix
Far
:
:
:
φ/2
φ'/2
L
L'
Fr
Fl
Horopter
? 7.7: ?????????????????????????????????
??????????????
7.3.5 ??????
??????????????????????????????????????
????????????????????????????????? (vergence
79
eye movement) ???????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???? 150 ms??????????????????????????????
??????? 1?2 s ????????????? [77]?
7.4 ????????????????????????
??
7.4.1 ????????
?????????????????????????????????????
?????????? [78]?? 7.8??????????????????????
????? (Orientalmotor CSK523)?????????????????????
?? FPGA(Xilinx Spartan3)????????????????????????
??? FPGA???????????????????????????????
???????????????????????????????? FPGA??
??????????????????????????????????????
?????????????????????????? 20 cm??????FPGA
??????????????????????????????????????
???????USB?????????????????????????????
??????????????????????????? 60 frames/s ??????
7.4.2 ?????????????????
? 7.9??????????????????????????????????
???????????????????????????????????FPGA
?????????????????????????????????????
??????????????????????????????????????
?????? FPGA????????????????????????????
???????????????????????????????? FPGA??
??????????????USB?????????????????????
??????????????????????????????????????
???????????????????????????????
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FPGA Board
Motor Driver BoardStepping Motor
Silicon
Retina
? 7.8: ?????????????????????????????????
??????????????????????????? FPGA???????
?????????????? 20 cm?FPGA????????????????
??????????????????????
7.4.3 ??????????
V1????????????????????????????????????
??????????????????????????????????????
????????????Hubel?Wiesel??????????????????
????Gabor?????????? [70]???????????????????
???????????????????????????????????AD?
????FPGA??????????????????????????Gabor?
??????????????????????????????????????
??????????????????????????????????????
????????????? 7.10???????????????????????
??????????????????????????????????????
??? Shimonomura???????????? [18]??????????????
???5??????????????????????????????????
81
time
position
Disparity
Energy
Disparity
Map
FPGA
Motor
Controller
to PC
Silicon
Retina
Silicon
Retina
Motor
Motor
Temporal
Property
Spatial
Property
Emulated
Spatiotemporal
Property
? 7.9: ?????????????????????????????????
?????????????????????????????????????
???????? FPGA??????????????????????????
???????????????????? (Disparity Energy)? 5??????
????????????????????????? (Disparity Map)????
???????????? 5????????????????????????
????????????????????? (Motor Control)????????
????????????????????????????????
7.4.4 ????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
?? (winner-take-all) ????????????????????????????
winner-take-all ???????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
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00.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0 100 200 300
Time (ms)
V
a
lu
e
? 7.10: ????????????????????????????????
Disparityi;j = arg max
d
(Ei;j;d) if max(Ei;j;d) ¸ Ethresh
????
7.4.5 ????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????? d?
???????????? Edavr???????? d???????????Rdcx?
??????????????
Edavr =
1
NxNy
X
y
X
x
Rdcx(x; y)
Nx, Ny?????????????????????????????????
Nx = Ny = 64??????????? 128? 128????? 1/4????????
???
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?????????????????????????????????????
??????????????????????????????????????
Evergence =
X
i
wdiE
di
avr
????????????? w+8 = w+4 = 1, w0 = 0, w¡4 = w¡8 = ¡1????
??????????????????????????????????????
??????????????????????????????????????
?? 0???? 0??????????????? 0??????????????
??????????????????????????????????N ??
????????????
N = G ¢ Evergence
G????????????????????????????????????
??????????????????????????????????????
????????????????????????????????????? 0
?????????
7.5 ???????????
7.5.1 ?????????????
????????128?128????????????????????60 frames/s?
??????????????????????????????????????
?????????????????????????????????????
7.11??? 7.11(a)?????????????????????????????
?????? 80 cm??????????? 4 s????????????????
7.11(b)???????????????????????3???????????
???? 1??60 frame???????????????????????????
???????????????? 0?????????????????????
??????????????????????????????????????
??-8(??????)????+8(??????)????????????????
???????????????????? (???????????)??????
??????????????????????????????????????
????????????????? 7.11(c)?????????????????
??????????????????????????????????????
??? 12?????????????????????????????????
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??????????????? 7.11(d)??? (e)??????????????
??????????????????????????????????????
??????? 7.11(d)????????????????????? 0?????
????????????????????? 7.11(e)??????????? 0?
?????????????????
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? 7.11: ?????????????????????(a)??????????
?????????????(b)???????????????????????
?????????? 1??60 frame?????????????????????
?????????????????????? 0??????????????
?????? (???????????????)?(c)?????????????
??????????????????????????????????????
??????????????????????????????????????
(d)(e)???????????????????????????? 0??????
????????????
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7.5.2 ??????????????????????
?????????????? (RDS)????????????????????
??????????????????????????????????????
??????????????????????????????????????
????RDS?????????????????????????????RDS
????????????????? 7.12????? 7.12(a)? LCD??RDS??
??????????????????? 7.12(b)??? (c)??????????
????????????????????? 0????????????????
????????????????RDS???????????????????
???????????????????????????? (?? 0)??????
??????????RDS?????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????
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7.5.3 ????????????
???????????????????????????? (? 7.13??)??
??????????????????????????????????????
??????????????? (? 7.13??)????????????? (? 7.13
??)???????????????????????????????????
???????????????-4??????????????????????
??????? (?? 0)??? (??+4)???????????????????
??????????????????????????? (?????)????
??????????????????????????????????????
???????????? (?? 0)????????????? (??-4)?????
?????????????????????????? (?? 0)???? (??-4)
??????????????????????????????????????
?????????????????????????????????
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7.6 ??
???????V1????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
???????????????????????????FPGA????????
??????????????????????????????? 60?????
??????????????????????????????????????
??????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
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?8? ??
?????????????????????
?????????????????????????????????????
??????????????????????????????????????
? 60???????????????????????????????????
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??????????????????????????????????????
??????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
? 200???????????????????????????????????
??????????????????????????????????????
?????????????????
?????????????????????????????????????
????V1????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
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??????????????????
92
????
[1] Dowling, J. E., The retina: an approachable part of the brain, Cambridge, Mas-
sachusetts, Belknap Press of Harvard University Press, 1987.
[2] Nicholls, J., Martin, A., Wallace, B. and Fuchs, P., From neuron to brain (4th
edition), Sinauer Associates, 2001.
[3] Marr, D., Vision, W. H. Freeman and Company, 1982.
[4] Poggio, T. and Koch, C., “Ill-posed problems in early vision: from computational
theory to analog networks,” Proceedings of the Royal Society of London, series
B, vol. 226, pp. 303-323, 1985.
[5] Aloimonos, J., Weiss, I. and Bandyopadhyay, A., “Active Vision,” International
Journal of Computer Vision, pp. 333-356, 1988.
[6] Mead, C., Analog VLSI and Neural Systems, Addison-Wesley, 1989.
[7] Mead, C. and Mahowald, M. A., “A silicon model of early visual processing,”
Neural Networks, vol. 1, pp. 91-97, 1988.
[8] Boahen, K., “A Retinomorphic Chip with Parallel Pathways: Encoding IN-
CREASING, ON, DECREASING, and OFF Visual Signals,” Analog Integrated
Circuits and Signal Processing, vol. 30, pp. 121-135, 2002
[9] Boahen, K. and And, A. G., “A contrast sensitive silicon retina with reciprocal
synapses,” in Proc. NIPS91, 1992.
[10] Kameda, S. and Yagi, T., “An analog VLSI chip emulating sustained and tran-
sient response channels of the vertebrate retina,” IEEE Transactions on Neural
Networks, vol. 14, issue 5, pp. 1405-1412, 2003.
[11] Zaghloul, K. A. and Boahen, K., “Optic nerve signals in a neuromorphic chip
I: Outer and inner retina models,” IEEE Trans. Biomedical Eng., vol. 51, pp.
657-666, 2004.
[12] Zaghloul, K. A. and Boahen, K., “Optic nerve signals in a neuromorphic chip II:
Testing and results,” IEEE Trans. Biomed. Eng., vol. 51, pp. 667-675, 2004.
93
[13] Koch, C., Li, H., editors, Vision chips: implementing vision algorithms with
analog VLSI circuits, IEEE Computer Society Press, 1995.
[14] Moini A., Vision Chips, Kluwer Academic Publishers, 2000.
[15] Ba´lya, D. and Roska, B., “Retina model with real-time implementation,” in Proc.
IEEE Int. Symp. Circuits Syst., Kobe, Japan, pp. 5222-5225, 2005.
[16] Shi, B. E., Tsang, K. C., Lam, Y. M. and Meng, Y. C., “Expandable hardware
for computing cortical feature maps,” in Proc. IEEE Int. Symp. Circuits Syst.,
pp. 3606-3609, 2006.
[17] ?????, ????, “?????????????????????????
?????,” ??????????????, vol. 107(328), NC2007-57, pp.
13-18, 2007.
[18] Shimonomura, K., Kushima, T. and Yagi, T., “Binocular robot vision emulating
disparity computation in the primary visual cortex,” Neural Networks, vol. 21(2-
3), pp. 331-340, 2008.
[19] Serrano-Gotarredona, R., Oster, M., Lichtsteiner, P., Linares-Barranco, A., Paz-
Vicente, R., Go´mez-Rodr´ıguez, F., Kolle Riis, H., Delbru¨ck, T., Liu, S. C.,
Zahnd, S., Whatley, A. M., Douglas, R. J., Ha¨fliger, P., Jimenez-Moreno, G.,
Civit, A., Serrano-Gotarredona, T., Acosta-Jime´nez, A. and Linares-Barranco,
B., “AER building blocks for multi-layer multi-chip neuromorphic vision sys-
tems,” in Advances in Neural Information Processing Systems, S. Becker, S.
Thrun, and K. Obermayer, Eds., vol. 15, MIT Press, 2005.
[20] Rodieck, R. W., The First Steps in Seeing, Sunderland, Massachusetts, Sinauer
Associates, Inc., 1998.
[21] Dacheux, R. F. and Raviola, E., “The rod pathway in the rabbit retina: A
depolarizing bipolar and amacrine cell, ” J. Neurosci., vol. 6, pp. 331-345, 1986.
[22] Dolan, R. P. and Schiller, P. H., “Evidence for only depolarizing rod bipolar cells
in the primate retina,” Vis. Neurosci., vol. 2, no. 5, pp. 421-424, 1989.
[23] Moller, F., Wa¨ssle, H. and Voigt, T., “Pharmacological modulation of the rod
pathway in the cat retina,” J. Neurophysiol., vol. 59, No. 6, 1988.
[24] Naka, K. I. and Rushton, W. A. H., “The generation and spread of S-potentials
in fish (Cyprinidae),” J. Physiol. (London), vol. 192, pp. 437-461, 1967.
94
[25] Baylor, D. A., Fourtes, M. G. F. and O’Bryan, P. M., “Receptive fields of single
cones in the retina of the turtle,” J. Physiol. (London), vol. 214, pp. 265-294,
1971.
[26] Ohshima, S., Yagi, T. and Funahashi, Y., “Computational studies on the inter-
action between red cone and H1 horizontal cell,” Vision Res., Vol. 35, Issue 1,
pp. 149-160, 1995.
[27] ????,????,????, “?????????????????????,”
???????????, J78-D-II, pp. 1123-1133, 1995.
[28] Baylor, D. A., Fuortes, M. G. F. and O’Bryan, P. M., “Receptive fields of cones
in the retina of the turtle,” J. Physiol. (London), vol. 214, pp. 265-294, 1971.
[29] Hare, W. A. and Owen, G. W., “Spatial organization of the bipolar cell’s recep-
tive field in the retina of the tiger salamander,” J. Physiol. (London), vol. 421,
pp. 223-245 , 1990.
[30] Shigematsu, T. and Yamada, M., “Effects of dopamine on spatial properties of
horizontal cell responses in the carp retina,” Neurosci. Res. Suppl., vol. 8, s69-80,
1988.
[31] Teranishi, T., Negishi, K. and Kato, S., “Dopamine modulates S-potential ampli-
tude and dye-coupling between external horizontal cells in carp retina,” Nature,
vol. 301, pp. 234-246, 1983.
[32] ????, “???????????????????,” ?? 12???????
?????, 2001.
[33] Lamb, T. D. and Simon, E. J., “The relation between intercellular coupling and
electrical noise in turtle photoreceptors,” J. Physiol., vol. 263, pp. 257-286, 1976.
[34] Lamb, T. D., “Spatial properties of horizontal cell responses in the turtle retina,”
J. Physiol., vol. 263, pp. 239-255, 1976.
[35] Werblin, F. S. and Dowling, J. E., “Organization of the Retina of the Mudpuppy,
Necturus maculosus. II. Intracellular Recording,” J. Neurophysiol., vol. 32, pp.
339-355, 1969.
[36] ??????????????http://www.neuralimage.co.jp/index.html
[37] ????, ?CCD/CMOS???????????????, CQ???, 2003.
95
[38] Sibano, T., Iizuka, K., Miyamoto, M., Osaka, M., Miyama, R. and Kito, A.,
“Matched filter for DS-CDMA of up to 50MChip/s based on sampled analog
signal processing,” ISSCC Digest of Tech. Papers, pp. 100-101, 1997.
[39] Kobayashi, H., Matsumoto, T., Yagi, T. and Shimmi, T., “Image Processing
Regularization Filters on Layered Architecture,” Neural Networks. Vol. 6, pp.
327-350, 1993.
[40] Yagi, T., Funahashi, Y. and Ariki, F., “Dynamic model of dual layer neural
network for vertebrate retina,” in Proc. IJCNN-89, vol. 1, pp. 787-789, 1989.
[41] Mahowald, M., An analog VLSI system for stereoscopic vision, Kluwer Academic
Publishers, Boston, MA, 1994.
[42] Boahen, K. A., “Point-to-point connectivity between neuromorphic chips using
address events,” IEEE Trans. Circ. Sys. II, vol. 47, no. 5, pp. 416-434, 2000.
[43] Chua, L. O. and Yang, L., “Cellular Neural Networks: Theory,” IEEE Trans.
Circuits Syst., vol. 35, no. 10, pp. 1257-1272, 1988.
[44] Roska, T. and Chua, L. O., “The CNN universal machine: an analogic array
computer,” IEEE Trans. Circuits Syst. II: Analog and Digital Signal Processing,
vol. 40, iss. 3, pp. 163-173, 1993.
[45] Ba´lya, D., Roska, B., Roska, T. and Werblin, F. S., “A CNN framework for
modeling parallel processing in a mammalian retina,” Int. J. Circ. Theor. Appl.,
vol. 30, pp. 363-393, 2002.
[46] Roska, B. and Werblin, F. S., “Vertical interactions across ten parallel, stacked
representations in the mammalian retina,” Nature, Vol. 410, pp. 583-587, 2001.
[47] Roska, T. and Pazienza, G. E., “Cellular neural network,” Scholarpedia,
4(12):1519, 2009.
[48] Kaneko, A., “Physiological and morphological identification of horizontal, bipolar
and amacrine cells in goldfish retina,” J. Physiol., vol. 207, pp. 623-633, 1970.
[49] Enroth-Cugell, C., Robson, J. G., Schweitzer-Tong, D. E. and Watson, A. B.,
“Spatio-temporal interactions in cat retinal ganglion cells showing linear spatial
summation,” J. Physiol., vol. 341, pp. 279-307, 1983.
[50] Yamada, M., Shigematsu, Y. and Fuwa, M., “Latency of horizontal cell response
in the carp retina,” Vision Res., vol. 25, no. 6, pp. 767-774, 1985.
96
[51] Yagi, T., “Dynamics of signal conduction from soma to axon terminal of the
teleost retinal horizontal cell: in vivo, in vitro and model studies,” Vision Res.,
vol. 29, no. 4, pp. 375-384, 1989.
[52] ????, ???, ????, “?????????????????,” ????
???????, vol. J67-A, no. 6, pp. 588-595, 1984.
[53] Sakuranaga, M. and Naka, K. I., “Signal Transmission in the Catfish Retina. II.
Transmission to Type-N Cell,” J. Neorophysiol., vol. 53, no. 2, 1985.
[54] Hodgkin, A. L. and Huxley, A. F., “A quantitative description of membrane
currents and its application to conduction and excitation in nerve,” J. Physiol.,
vol. 117, pp. 500-544, 1952.
[55] ????, “?????????,” ????, no. 506, 2005.
[56] Hasegawa, J. and Yagi, T., “Real-time emulation of neural images in the outer
retinal circuit,” J. Physiol. Sci., vol. 58, no. 7, pp. 507-514, 2008.
[57] Baylor, D. A., Hodgkin, A. L. and Lamb, T. D., “The electrical response of turtle
cones to flashes and steps of light, ” J. Physiol., vol. 242, pp. 685-727, 1974.
[58] Hasegawa, J. and Yagi, T., “Real-time emulator of dynamical features of sus-
tained and transient channels in the vertebrate retina,” in Proc. 2009 IEEE
Biomedical Circuits and Systems Conference, Nov.26-28, Beijing, China, pp.
197-200, 2009.
[59] Spillmann, L., “The Hermann grid illusion: a tool for studying human perceptive
field organization,” Perception, vol. 23, pp. 691-708, 1994.
[60] Kelly, D. H., “Frequency Doubling in Visual Responses,” J. Opt. Soc. Am., vol.
56, issue 11, pp. 1628-1632, 1966.
[61] Hochstein, S. and Sharpley, R. M., “Linear and nonlinear spatial subunits in Y
cat retinal ganglion cells,” J. Physiol., vol. 262, pp. 265-284, 1976.
[62] Martinez-Conde, S., Macknik, S. L., and Hubel, D. H., “The role of fixational
eye movement in visual perception,” Nature Reviews Neuroscience, vol. 5, pp.
229-240, 2004.
[63] Hasegawa, J. and Yagi, T., “Emulation of retinal cell responses during fixational
eye movements,” IEICE Electronics Express, in press.
[64] Winterson, B. J. and Collewijn, H., “Microsaccades during finely guided visuo-
motor tasks,” Vision Res., vol. 16, issue 12, pp. 1387-1390, 1976.
97
[65] Golomb, S. W., Shift Register Sequences, Aegean Park Press, Laguna Hills, CA,
1981.
[66] Murakami, I., “Correlation between fixation stability and visual motion sensitiv-
ity,” Vision Research, vol. 44, issue 8, pp. 751-761, 2004.
[67] Rucci, M., Iovin, R., Poletti, M., and Santini, F., “Miniature eye movements
enhance fine spatial detail,” Nature, vol. 447, pp. 852-855, 2007.
[68] ???, ????, ?????–????????, ????, 2002.
[69] Saul, A. and Humphrey, A., “Spatial and temporal response properties of lagged
and nonlagged cells in cat lateral geniculate nucleus,” J. Neurophisiol., vol. 64,
pp. 206-224, 1990.
[70] Hubel, D. H. and Wiesel, T. N., “Receptive fields, binocular interaction and
functional architecture in the cat ?s visual cortex,” J. Physiol., vol. 160, pp.
106-154, 1962.
[71] Hubel, D. H. and Wiesel, T. N., “Laminar and Columnar Distribution of
Geniculo-cortical Fibers in the Macaque Monkey,” J. Comp. Neurol., vol. 146,
pp. 421-450, 1972.
[72] Marcerja, S., J. Opt. Soc. Am., vol. 70, pp. 1297, 1980.
[73] Jones, J. and Palmer, L., “The two-dimensional spatial structure of simple recep-
tive fields in cat striate cortex,” J. Neurophisiol., vol. 58, pp. 1187-1211, 1987.
[74] ????, ????, ????????????, vol. 40, pp. 26, 1996.
[75] Watson, A., Vision : coding and efficiency, Cambridge University Press, 1990.
[76] Ohzawa, I., DeAngelis, G. C. and Freeman, R. D., “Stereoscopic depth dis-
crimination in the visual cortex: Neurons ideally suited as disparity detectors,”
Science, vol. 249, no. 4972, pp. 1037-1041, 1990.
[77] ????, ????, ????, ??????????, ????, 1985.
[78] Hasegawa, J., Shimonomura, K. and Yagi, T., “Real-time reconstruction of
neural images for natural scenes with integrated circuits,” Neuroscience2009,
Chicago, USA, Oct. 17-21, Abstract 895.14, 2009.
98
??
?????????????????????????? ??????????
??????????????????????????????????????
?????????????????????
?????????????????????????????????????
??? ?????????????????????????
?????????????????????????????????????
??????????????????????????
?????????????????????????????????????
?? ???????????????????????????????????
???????????????????????
?????????????????????????????????????
(?????)???????? (????)????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
????????????????????
99
????
????????
1. Hasegawa, J. and Yagi, T., “Real-time emulation of neural images in the outer
retinal circuit,” J Physiol Sci, vol. 58, no. 7, pp. 507-514, 2008.
2. Hasegawa, J. and Yagi, T., “Emulation of retinal cell responses during fixational
eye movements,” IEICE Electronics Express, in press.
????????
1. Hasegawa, J. and Yagi, T., “Real-time emulator of dynamical features of sus-
tained and transient channels in the vertebrate retina,” in Proc 2009 IEEE
Biomedical Circuits and Systems Conference, Nov. 26-28, Beijing, China, pp.
197-200, 2009.
??????
1. Hasegawa, J., “Reconstruction of neural images: What do visual neurons see?”
GCOE CEDI global seminar Advances in Neuroengineering II, Osaka, Japan,
Feb. 3, 2009.
2. Hasegawa, J., Shimonomura, K. and Yagi, T., “Real-time reconstruction of
neural images for natural scenes with integrated circuits,” Neuroscience2009,
Chicago, USA, Oct. 17-21, Abstract 895.14, 2009.
??????
1. ????, ????, “??????????????????????,” ??
???????? 12????, ??, Aug. 28-29, 2008.
2. ????, ?????, ????, “????????????????–???
??????????–,” ? 6??????????????????????
?????VI?, ??, Nov. 6-7, 2008.
100
3. ????, ?????, ????, “????????????????????
??????????,” ????????? ????????????, ??
?, Jan. 13-15, 2009.
4. ????, ?????, ????, “???????????????????
????,” ??????????????, vol. 108, no. 480, pp. 347-352,
NC2008-162, 2009.
5. ?????, ????, ????, “????????????????????
???????????????????,” ????????????????
??????? 2009, ??, May. 24-26, ?????, pp.2A2-M14(1)-(2), 2009.
6. ????, ????????????????? IVS???????????
??????????, ????????????????? 2009, May. 24-26,
??????????????????????????(????), 2009.
7. ????, ???, ????, “??????????????????????
?????????????,”??????? 19?????,??, Sep. 24-26,
?????, pp.134-135, 2009.
8. ???, ????, ????, ????, “?????????????????
????–??????????????????????–,” ???????
???????????????????, ??, Nov. 6, ?????, pp. 1-4,
2009.
101
?102
